Background-Coronary microvascular dysfunction may underlie the high cardiovascular risk associated with chronic kidney disease (CKD), but the effects of CKD on coronary microvasculature function remain uncertain. Methods and Results-We assessed myocardial blood flow changes in mild-to-moderate CKD and analyzed the association between creatinine clearance (CrCl) and peak myocardial blood flow and coronary flow reserve (CFR) measured as the ratio of stress to rest perfusion at baseline and at 1 year in 435 nondiabetic individuals who underwent quantitative rest and pharmacological stress positron emission tomography imaging. At baseline, CFR was significantly associated with CrCl (␤ per 10 mL/min increase, 0.07; Pϭ0.001). Factors such as age and blood pressure accounted for this association, and it was not significant in adjusted analyses (␤ϭϪ0.02, Pϭ0.53). Peak flow was not associated with CrCl in either crude or adjusted analyses (␤ per 10 mL/minϭϪ0.02 mL/min per g, Pϭ0.29). Although change in peak flow at 1 year was similar in patients with and without CKD, CrCl was a strong and independent predictor of a higher rate of change in CFR, with a loss of 0.11 CFR units/y (95% confidence interval, 0.01 to 0.20) for each 10 mL/min drop in CrCl (Pϭ0.03). Conclusions-These findings demonstrate that mild-to-moderate CKD is not independently associated with a reduction in peak myocardial flow or CFR and suggests that microvascular changes are unlikely to explain the high cardiovascular mortality in mild to moderate CKD. Loss of CFR, however, may accelerate in mild to moderate CKD. Further studies are needed to determine whether these changes lead to more significant reductions that may reduce peak flows and CFR and contribute to cardiovascular risk in more severe CKD. (Circ Cardiovasc Imaging. 2010;3:663-671.)
C hronic kidney disease (CKD) is associated with a high risk of development and dying of cardiovascular disease, 1 a link that remains incompletely understood. Although traditional cardiovascular risk factors are common in CKD and may partly explain the increased risk, 2 these factors fail to fully account for the increased incidence of myocardial infarction (MI) and cardiovascular death in this population. 3 In fact, the association of several risk factors with cardiovascular outcomes is reversed in patients with advanced CKD, 4 and the negative results of recent, large, randomized statin trials in patients with end-stage renal disease 5, 6 lend further support to the idea that nontraditional mechanisms may play a more important role in the pathophysiology of cardiovascular disease (CVD) in individuals with CKD than in those without CKD.
Clinical Perspective on p 671
Although a number of novel risk factors, in particular oxidative stress and inflammation, 7 have received extensive attention in recent years as potential mechanisms underlying CVD in patients with CKD, other factors may also play a role. Coronary microvascular function is a particularly intriguing player that has not been well studied in CKD. Clinical studies in the general population have demonstrated that better collateral vascularization of the myocardium predicts better survival and fewer complications after an initial MI, 8, 9 and experimental studies demonstrating increased infarct size and impaired ischemia-driven angiogenesis in uremic animals 10, 11 suggest that changes in microvascular supply or function could be partly explain the high cardiovascular mortality rate in the CKD population. Studies demonstrating a marked reduction in left ventricular (LV)capillary density 12 in uremic animals and similar changes in a small cohort of patients with end-stage renal disease but without epicardial coronary artery disease 13 lend further support to the concept that alterations in the coronary microvasculature may partly account for the increased risk of cardiovascular events in patients with CKD.
Our objective was to investigate the relationship between peak myocardial blood flow (MBF), flow reserve, and CVR (as indices of coronary microvascular function) and renal function in humans without unstable coronary artery disease. We hypothesized that coronary vasodilator reserve would be reduced in patients with mild to moderate CKD. We used quantitative positron emission tomography (PET) imaging to measure regional MBF at rest and during maximal vasodilation by adenosine and to estimate CVR and vasodilator reserve.
Methods

Subjects
We analyzed data from patients screened for inclusion in the RAMPART trial, a multicenter, double-blind, randomized trial conducted between 1998 and 2002 that compared 2 doses of an acyl coenzyme A cholesterol acyltransferase inhibitor (avasimibe) in combination with a statin versus a statin alone. 14 For inclusion in the screening phase, patients were required to be off lipid-lowering medications for at least 4 weeks and have 1 of the following: a history of coronary disease, an LDL cholesterol level Ն160 mg/dL, or 2 standard cardiovascular risk factors with an LDL Ն130 mg/dL. Women of child-bearing age, as well as patients with a history of diabetes, liver disease, uncontrolled hypertension, symptomatic heart failure, dilated cardiomyopathy, LV hypertrophy, a serum creatinine level Ն3.0 mg/dL, or an MI or coronary intervention within 6 months of screening were excluded from participation. After the initial PET scan, the subset of individuals with a coronary flow reserve (CFR) Ͻ2.5 in at least 1 arterial territory or a stress defect occupying Ն15% of at least 1 coronary territory received a low-cholesterol diet for 4 weeks. Individuals with LDL Ն100 mg/dL after 4 weeks were randomly assigned to 1 year of therapy with avasimibe plus atorvastatin 10 mg/d or atorvastatin plus placebo. The study was approved by local institutional review boards at the participating centers, and all patients gave written informed consent.
Measurement of Myocardial Perfusion
Patients underwent PET imaging for assessment of MBF using whole-body PET tomographs (Siemens/CTI, Knoxville, Tenn) at 12 US sites. All subjects refrained from caffeine-containing beverages or theophylline-containing medications for 24 hours before the PET study. Patients using calcium channel blockers or ␤-blockers were instructed to withhold the medications for 24 hours before the PET study. All subjects were studied in the fasting state.
Using [ 13 N]ammonia, MBF was measured at rest and during peak hyperemia, as described previously. 15 A 10-to 15-minute transmission scan was acquired for correction of photon attenuation. Beginning with the intravenous bolus administration of [ 13 N]ammonia (0.286 mCi/kg), serial images were acquired for 19 minutes. Thirty minutes later, intravenous adenosine (0.14 mg/kg/min) was infused for 6 minutes. Three minutes into the adenosine infusion, a second dose of [ 13 N]ammonia was injected and images were recorded in the same acquisition sequence. Heart rate, arterial blood pressure, and 12-lead ECG were recorded at baseline and throughout the infusion of adenosine. Image acquisition protocols were standardized at each site, and measurements of MBF were performed at a core laboratory. For the purpose of this analysis, changes in hemodynamics represent the average of values during the 2 minutes after the injection of 13 N ammonia corresponding to minutes 4 and 5 of the adenosine infusion, during which most of the myocardial uptake of 13 N ammonia takes place and there is maximal hemodynamic effect of adenosine. 16 
Data Analysis
Serially acquired transaxial images were reoriented into short-axis slices of the LV myocardium and assembled into serial polar maps, as described previously. 15 In brief, regions of interest were assigned to the territory of the left anterior descending coronary artery, left circumflex artery, right coronary artery, and the center of the LV blood pool. Regional myocardial and blood pool time-activity curves were then generated, and MBF was calculated by fitting the curves with a validated 2-compartment tracer kinetic model. 17 Rest MBF was normalized by the rate-pressure product, an index of cardiac work. CFR (primary study end point) was defined as the ratio between hyperemic and basal MBF. An index of coronary vascular resistance (CVR) was calculated by dividing the mean aortic blood pressure by MBF. Unless otherwise noted, MBF, CFR, and CVR are presented as averages of the entire LV.
Physical Examination and Renal Function
Blood pressure, weight, and heart rate were recorded before each PET scan, and laboratories were drawn before the initial injection of radiotracer. Serum creatinine was analyzed at a central laboratory. Because information on race was missing in a large number of subjects, the Cockroft-Gault 18 equation was used to estimate creatinine clearance (CrCl). Renal function was categorized according to the stages advocated by the National Kidney Foundation 19 : preserved renal function/stage 1 CKD, CrCl Ն90 mL/min; stage 2, CrCl 60 to 89 mL/min; and stage 3, 30 to 59 mL/min. Stage 3 CKD was subdivided into stage 3a (creatinine clearance 45 to 59 mL/min) and stage 3b to stage 5 (CrCl Ͻ45 mL/min) for secondary analyses.
Statistics
Data are presented as meanϮstandard deviation or median (interquartile ratio, IQR) according to the baseline distribution. Differences in baseline characteristics and myocardial perfusion indices were compared across categories of renal function using ANOVA or nonparametric trend tests for continuous data and 2 tests of trend for count data. Probability values for post hoc pairwise comparisons according to baseline renal function were adjusted using the Bonferroni correction for count and non-normally distributed variables or the Tukey-Kramer procedure for normally distributed variables. The relationship between CFR and renal function was assessed using multiple linear regression models that included CrCl as a continuous predictor and age, race, sex, smoking status, presence of a stress defect, body mass index, blood pressure, and LDL cholesterol levels as covariates. Among randomly assigned patients followed for 1 year, the change in CFR during randomized therapy was assessed using similar linear regression models that included randomized therapy as an additional covariate. Model fit was tested using graphical techniques, inspection of residual distribution, and tests of model specification. All analyses were performed in STATA 9.0 (Stata Corporation, College Station, Tex). A value of PϽ0.05 was considered significant for all analyses. Table 1 summarizes the baseline characteristics of the study cohort. Among 435 patients evaluated, stage 3b to 5, stage 3a, stage 2, and stage 1 CKD were present in 5, 48, 224, and 158 patients, respectively. Mean CrCl was 53.1Ϯ6.7 mL/min in stage 3 CKD, 75.4Ϯ8.8 mL/min in stage 2, and 109.6Ϯ19.4 in individuals with preserved renal function (PϽ0.001). Individuals with CKD were more likely to be female and were older than patients with preserved renal function. (mean age, 68.5 and 60.5 years in stage 3 and stage 2 CKD compared with 49.9 years in individuals with preserved renal function; P for trend Ͻ0.001). Individuals with CKD were also characterized by lower total body weights (70.4 and 82.8 kg versus 100.3 kg, PϽ0.001) and higher systolic blood pressures (137.2 and 134.5 mm Hg versus 126.0 mg Hg, PϽ0.001) than individuals without CKD.
Results
Baseline Characteristics
Association of Renal Function With Baseline Myocardial Perfusion
As shown in Table 2 and Figure 1 , resting MBF to the LV was highest in patients with stage 3 CKD (0.81Ϯ0.23 mL/min per g), intermediate in patients with stage 2 CKD (0.80Ϯ0.24), and lowest in patients with preserved renal function (0.74Ϯ0.24) (Pϭ0.03). Normalization for the ratepressure product, an index of cardiac work, equalized the differences in resting blood flow across categories of renal function. Although, peak hyperemic blood flow after adeno- Values presented are meanϮSD. *ANOVA for normally distributed continuous variables, nonparametric trend test for non-normally distributed continuous variables, and 2 tests for count variables. †Class 3 CKD significantly different from class 2 CKD; ‡class 3 CKD significantly different from preserved renal function; §class 2 CKD significantly different from preserved renal function using Tukey-Kramer correction for post hoc tests for normally distributed variables or Bonferroni correction for non-normally distributed and count variables. Values presented are meanϮSD. *Class 3 CKD significantly different from preserved renal function; and †class 2 CKD significantly different from preserved renal function using Tukey-Kramer procedure for post hoc pairwise comparisons. sine infusion was lower in patients with more advanced CKD, differences in peak blood flow across categories of renal function were not significantly different (P for trend, 0.39). Peak flow at baseline was also not associated with CrCl in fully adjusted analyses, (␤ for each 10 mL/minϭϪ0.02 mL/min per g; 95% confidence interval [CI[, Ϫ0.06 to 0.19]; Pϭ0.29). In unadjusted analyses, LV CFR was strongly associated with renal function and declined markedly across categories of decreasing renal function from 2.32Ϯ0.88 (stage 3 CKD) to 2.48Ϯ0.95 (stage 2 CKD) and 2.82Ϯ1.26 in patients with preserved renal function (Pϭ0.001) (Figure 1 ). Similar trends were seen when the analysis was restricted to the subgroup without baseline stress defects: 2.35Ϯ0.90 (stage 3 CKD) to 2.63Ϯ0.88 (stage 2 CKD) and 2.89Ϯ1.19 in those with preserved renal function (Pϭ0.001) ( Table 3 ). Renal function remained significantly associated with CFR after adjustment for sex, LDL cholesterol, and mean blood pressure (␤ϭ0.04; 95% CI, 0.00 to 0.09; Pϭ0.04 in all patients and ␤ϭ0.05, 95% CI, 0.00 to 0.09; Pϭ0.03 in patients without baseline flow defects). However, with additional adjustment for factors such as age, body mass index, and race, the association was attenuated and lost statistical significance (Table 4 ).
In general, results were qualitatively similar after subdivision of class 3 into those with stage 3a CKD (nϭ48) and those with stage 3b CKD (nϭ5). However, using this categorization of renal function, both uncorrected and normalized baseline LV blood flow remained significantly higher in individuals with class 3b CKD. Normalized flow was 1.24Ϯ0.42 mL/min per g in individuals with stage 3b CKD, 0.96Ϯ0.17 mL/min per g in stage 3a, 0.97Ϯ0.22 mL/min per g in stage 2, and 0.95Ϯ0.25 mL/min per g in individuals with preserved renal function (Pϭ0.03).
Renal Function and Change in Perfusion at 1 Year
Changes in myocardial perfusion were evaluated in the subset of 244 randomly assigned patients who underwent repeat scanning after 1 year of combined therapy (avasimibe plus atorvastatin) or atorvastatin plus placebo ( Table 5 and Figure  2 ). The change in peak MBF was not different across categories of renal function: stage 3, 0.17Ϯ0.60 mL/min per g; stage 2, 0.03Ϯ0.71 mL/min per g; and preserved renal function, 0.14Ϯ0.67 mL/min per g (Pϭ0.40). Multivariable adjustment for clinical and demographic factors did not alter this relationship: ␤ for each 10 mL/min per g change in CrCl, 0.00; 95% CI, Ϫ0.07 to 0.06 (Pϭ0.96).
Neither low-dose therapy (␤ϭ0.23; 95% CI, Ϫ0.09 to 0.55; Pϭ0.15) nor high-dose therapy (␤ϭ0.15; 95% CI, Ϫ0.17 to 0.47; Pϭ0.36) was associated with change in CFR over time. In univariate analyses, the change in CFR did not differ significantly across categories of renal function (Pϭ0.34, Table 5 ). However, there were trends suggesting a greater percent increase in patients with normal or nearnormal renal function than in patients with stage 3, as shown in Figure 2 . With the alternative classification of CKD, we found that CFR decreased during follow-up (change in CFR, Values presented are meanϮSD. *Class 3 CKD significantly different from preserved renal function; and †class 2 CKD significantly different from preserved renal function using Tukey-Kramer procedure for post hoc pairwise comparisons.
Ϫ0.20Ϯ0.44) in patients with stage 3b CKD, increased slightly in individuals with stage 3a CKD (0.09Ϯ0.92), and increased more markedly in those with stage 2 CKD (0.24Ϯ1.02) or preserved renal function (0.37Ϯ1.07) (Pϭ0.49). Adjusted models demonstrated an independent association of renal function with change in CFR over time in patients with and without stress defects at baseline, although the magnitude of the change was small. In models adjusting for baseline characteristics and randomized therapy, each 10 mL/min increase in creatinine clearance was independently associated with an increase of 0.11 (95% CI, 0.01 to 0.20; Pϭ0.03) improvement in the CFR in all patients and 0.11 (95% CI, 0.00 to 0.22; Pϭ0.05) in individuals without a flow defect at baseline (Tables 6 and 7 ).
Discussion
In this study, we analyzed the association of CKD with coronary microvascular function at baseline and its change Table 4 
. Effects of Serial Adjustment for Baseline Risk Factors Models on the Association of Renal Function With Peak Perfusion or CFR in Individuals With and Without Flow Defects at Baseline
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over time in patients with and without mild to moderate CKD. We did not find any significant differences at baseline or follow-up in peak myocardial perfusion after pharmacological stimulation in patients with and without mild to moderate CKD. Although there were differences in baseline CFR in individuals with and without mild to moderate CKD, renal function was not independently associated with CFR in analyses adjusting for other cardiovascular risk factors such as age and hypertension. In contrast, in the subset of patients followed for 1 year, lower CrCl was independently associated with a minimally accelerated loss of CFR at 12 months. Only a few studies have compared coronary microvascular circulatory function in humans with CKD. Chade et al 20 used coronary flow wires to measure mid left anterior descending artery CFR in 605 patients without significant coronary disease and found that the odds of a low CFR were increased 2.03-fold in patients with stage 3 or higher CKD compared with individuals with estimated glomerular filtration rate Ͼ60 mL/min/1.73 m 2 . 20 However, they found that differences in age and sex were largely responsible for the observed differences in CFR. A similar study by Koivuviita et al 21 in 21 CKD patients and 10 control subjects without signs or symptoms of CVD who underwent myocardial PET imaging also did not find a significant association between CFR and CKD, although there was a trend toward low CFR with more significant CKD. In contrast, a study using transthoracic echocardiography in a cohort of 10 dialysis patients and 14 matched control subjects with normal coronaries, found that both peak flow and CFR were below normal in 50% of the dialysis patients compared with only 5% of control patients. 22 These authors did not perform multivariable adjustment.
To our knowledge, the current study represents one of the largest cohorts evaluating the relationship between renal function and coronary microvascular function. In addition to the differences in the technical method used to measure myocardial perfusion, the characteristics of the current cohort also differ from prior analyses. Diabetics, those with uncontrolled hypertension, and individuals with advanced CKD were included in other studies but were excluded from the current analysis. The large number of patients in our study provides more reliable estimates of the independent effects of impaired glomerular filtration on myocardial perfusion that are unconfounded by the concurrent effects of diabetes or severe hypertension and, thus, a more robust understanding of the changes in myocardial perfusion that occur in the early stages of CKD.
Our findings extend on earlier investigations by confirming that the drop in CFR in early CKD is largely explained by factors such as age and elevated body mass index. Furthermore, we are the first to report that the decline in CFR that occurs in mild to moderate CKD is not accompanied by a concomitant decline in peak coronary vasodilator function. The similarity in the distribution of peak myocardial perfusion across categories of CKD suggests that the drop in CFR (the ratio of hyperemic to resting blood flow) in early CKD is caused largely by an increase in myocardial work and resting blood flow in CKD-a change probably driven by the rise in blood pressure and age as glomerular filtration rate declines 23,24 -rather than by major changes in myocardial vascular function or supply, which would be expected to impair peak hyperemic blood flow.
To our knowledge, we are also the first group to examine the association of CKD with longitudinal changes in myocardial perfusion parameters. The (nonsignificant) trend toward lower peak myocardial perfusion with increasing severity of CKD as well as the independent association between declining CrCl and greater loss of CFR that we observed during 1 year of follow-up raise the question of whether small declines in CFR and peak MBF begin in early CKD but become more pronounced and potentially more important as the severity and duration of CKD increases. In this regard, a study with longer follow-up might have had increased power to detect changes in myocardial perfusion over time This concept is supported by a recent angiographic study of patients with Ն80% stenosis of at least 1 coronary artery that found fewer collateral vessels in patients with a CrCl Ͻ80 mL/min than in patients with preserved renal function 25 and by experimental studies demonstrating reduced myocardial capillary densi- ties 10, 12, 26 in uremic animals and postmortem samples from individuals with end-stage renal disease. 13 Without pathological data, we are unable to determine whether an analogous loss of myocardial capillaries underlies the accelerated loss of CFR that we observed at 1 year in individuals with mild to moderate CKD. We thus cannot exclude the possibility that changes in endothelial function and vasodilatory capacity of the coronary vessels account for the accelerated loss of CFR that we observed. However, the absence of significant differences in peak myocardial flow or indices of vascular resistance between individuals with and without CKD is more consistent with the presence of myocardial capillary rarefaction as a source of CFR loss in individuals with CKD. Regardless of the exact pathophysiology, the small magnitude of the observed differences in baseline CFR (and change in CFR over time) and the absence of significant changes in peak flow in early CKD imply that differences in myocardial perfusion and microvascular supply in individuals with versus without mild to moderate CKD are unlikely to play 
a major role in cardiovascular mortality until renal impairment progresses to advanced CKD. Strengths of the present study include the assessment of coronary microvascular function in a large clinical trial cohort with uniform indications for assessment, the serial measurement of CFR and peak perfusion, and the use of myocardial PET imaging, which allows reliable, standardized measurements of MBF. Nonetheless, several limitations must also be acknowledged. The range of renal function was constrained by the trial's inclusion criteria, and patients with diabetes, overt LV hypertrophy, recent coronary interventions, or recent MI were excluded altogether. Although these exclusions eliminated confounding by diabetes, ventricular hypertrophy, and active coronary disease, they limit the generalizability of our findings to the broader CKD population, especially those with advanced CKD, in whom these conditions are common. Our study also does not provide insight on the important question of how these conditions might interact with each other or the presence of CKD. An additional limitation is that the absence of direct measurements of glomerular filtration and incomplete information on race mandated that we use the Cockroft-Gault equation to estimate renal function instead of the more accurate MDRD equation. 27 It should also be noted that angiographic data were not available. Although findings were similar in patients with and without baseline stress PET defects, we cannot definitively determine whether differences in the prevalence or progression of obstructive coronary lesions, coronary collateral supply, myocardial capillary density, or endothelial dysfunction in patients with and without CKD underlie the differences that we observed in CFR. Patients in the present study were clinically stable between baseline and follow-up, and significant progression of atherosclerotic epicardial disease during the observation period is unlikely to explain our findings. In contrast, factors such as blood pressure, heart rate, and cardiovascular medications may have varied. Differences in these factors, as well as technical aspects of the PET scanning procedure, may have contributed to the large variance in baseline CFR that we observed in this study. Additional longitudinal studies using PET scanning, coronary angiography, and pathological sampling of the myocardium are needed to clarify the underlying etiology responsible for differences in indices of myocardial perfusion in patients with normal renal function, moderate CKD, and those with advanced or dialysis-dependent CKD.
In conclusion, we studied coronary microvascular function at baseline and 1 year in patients with and without mild to moderate CKD and found that neither peak MBF nor flow reserve were independently associated with renal function at baseline. Although the loss of flow reserve at 1 year was accelerated in patients with worse renal function, changes in peak MBF did not differ significantly. These findings suggest that the primary change in myocardial perfusion that occurs early in CKD is an increase in baseline blood flow, probably reflecting increases in blood pressure and cardiac work. These data suggest that changes in coronary microvascular function are unlikely to explain the excess cardiovascular risk in mild to moderate CKD. Additional studies are needed to better define the relationship between these processes and the pathogenesis of cardiovascular disease in early CKD and to determine whether changes in perfusion become more profound at later stages of CKD. 
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